Introduction {#section1-1533033819874128}
============

For several decades, thermal tumor ablation modalities have been used in the treatment of primary tumors in various organs with favorable clinical outcomes. Of those modalities, cryoablation, radiofrequency ablation, and microwave ablation are the most commonly used ones in the clinical setting.^[@bibr1-1533033819874128]^ These thermal ablation modalities provide minimally invasive treatment options for selected tumors in various organs, including liver, lung, pancreas, kidney, and prostate.^[@bibr2-1533033819874128][@bibr3-1533033819874128]-[@bibr4-1533033819874128]^

Irreversible electroporation (IRE)^[@bibr5-1533033819874128]^ as a nonthermal tumor ablation modality has also attracted great interest in the field of cancer treatment since the introductory work by Davalos *et al.* ^[@bibr6-1533033819874128]^ Initially, reversible electroporation (RE) was used to deliver chemotherapeutic drug molecules into tumor cells. The combination of electroporation with chemotherapeutic drugs rapidly attracted great attention in the field of cancer treatment and was used as an independent treatment, known as electrochemotherapy (ECT). In 2005, the concept of electroporation as an independent therapy (ie, not using cytotoxic drugs or combining with thermal effects) was proposed by Davalos *et al* ^[@bibr6-1533033819874128]^ to destroy tumor tissues. Irreversible electroporation was soon introduced to clinical use as a means of treating cancers using short, high-voltage electric pulses to increase the permeability of tumor cell membranes.^[@bibr7-1533033819874128]^ Although no unified explanation for the mechanism of cell death is available, there is a consensus that when cells are exposed to an external high-voltage pulsed electric field, irreversible nano-sized structural defects or pores are produced in the membrane. As a result of these defects or pores, many events occur in the membrane, such as electroconformational protein denaturation,^[@bibr8-1533033819874128]^ osmotic imbalance, flush in/out of ions, depletion of adenosine triphosphate (ATP),^[@bibr9-1533033819874128]^ and uptake of toxic/foreign molecules,^[@bibr10-1533033819874128]^ which eventually lead to cell death. Once the electric field magnitude exceeds a tissue-specific lethal threshold, cell death occurs.^[@bibr11-1533033819874128]^ Irreversible electroporation has many advantages due to its nonthermal mechanism and applied pulses, including (1) no collateral heat damage to adjacent organs and (2) no "heat-sink" effect due to nearby blood vessels. (For thermal therapies, a blood vessel can dissipate the thermal energy as a heat sink, leading to incomplete tumor ablation in the area adjacent to the vessel. These advantages have raised a great deal of interest in this novel technology, particularly in the treatment of tumors in anatomically sensitive areas where one might be concerned about injury to nearby vessels, nerves, bowel, or ducts.^[@bibr12-1533033819874128]^

However, as a new tumor ablation modality, one of the critical disadvantages of IRE is the incomplete ablation of large tumors (eg, \>3 cm in diameter). To overcome this issue, many preclinical and clinical studies have been performed to improve the efficacy of IRE in the treatment of large size of tumors, using the combination of chemical substances or drugs, which we will refer to as "chemical enhancement of IRE" in this article. It is worth mentioning that usually 3 regions can be discovered in the treatment of IRE, such as IRE region, RE region, and intact region due to the electric field distribution, as shown in [Figure 1](#fig1-1533033819874128){ref-type="fig"}. (In order to concisely clarify the idea of enhancement of IRE, we ignored the heterogeneity of tumor tissues in the model, as shown in [Figure 1](#fig1-1533033819874128){ref-type="fig"}. It is noteworthy that the model used is not the real case and any difference in cellular distribution, extracellular matrix, or vascular systems of tumor tissues might cause an uneven distribution of electric field.)^[@bibr6-1533033819874128]^ One possibility to increase the size of tumor ablation in IRE is to introduce chemical drugs or ions to RE region because lots of promising results in the tumor tissue death have been achieved in ECT or calcium electroporation (discussed below). In another word, by introducing chemical drugs or ions, the ablation zone of IRE could be enlarged by ECT or calcium electroporation (IRE region + RE region). Therefore, in this review article, 2 types of chemical enhancements of IRE were discussed, such the RE region enhanced (eg, ECT or calcium electroporation) and the IRE region enhanced (eg, adding surfactants or modification of the chemical microenvironment of tumor cells). Specifically, the following approaches have been tried thus far in literature: (1) combination with cytotoxic drugs,^[@bibr13-1533033819874128]^ such as bleomycin,^[@bibr14-1533033819874128]^ cisplatin,^[@bibr15-1533033819874128],[@bibr16-1533033819874128]^ and carboplatin, (2) calcium electroporation whereby there is an increase in the concentration of free calcium in the cell and decreased viability of the cell as a result,^[@bibr17-1533033819874128]^ (3) modification of cell membrane by surfactants^[@bibr18-1533033819874128]^ (eg, sodium dodecyl sulfate \[SDS\] and dimethyl sulfoxide \[DMSO\]), interacting with membrane lipids thereby changing the membrane's line tension and surface tension, thus impeding the resealing process, and (4) modification of the chemical microenvironment of tumor cells^[@bibr19-1533033819874128]^ (eg, glucose concentration) in the hopes of delivering a greater amount of energy during IRE treatment. This article also mentioned the combination of high-frequency IRE and molecular therapy, which can improve the treatment of diffuse cells outside the tumor margins.^[@bibr20-1533033819874128]^

![An ideal schematic of electric fields distribution around irreversible electroporation (IRE) electrodes.](10.1177_1533033819874128-fig1){#fig1-1533033819874128}

In this article, a systematic review of the preclinical and clinical results and some future directions for the chemical enhancement of IRE proposed to assist further studies for improving the efficacy of IRE in clinical practice.

Combination With Cytotoxic Drugs {#section2-1533033819874128}
================================

There are no studies in the combination of IRE and cytotoxic drugs available in literature. Thus, this section was focused on the work of ECT due to the reasons mentioned above. (The same reason goes to the section of calcium electroporation.) The first use of electroporation for drug delivery in humans was the delivery of bleomycin to skin tumors.^[@bibr21-1533033819874128]^ The uptake of bleomycin, one of the commonly used cancer chemotherapy drugs, was found to be increased by 300 to 700 times when intravenous administration of the drug was combined with electroporation in a preclinical study of hamster lung fibroblast cells.^[@bibr22-1533033819874128]^ Cisplatin and carboplatin have also been studied in combination with electroporation. A 2.3- to 8-fold increase in the cytotoxicity of cisplatin by combining its administration with electroporation was found in an *in vitro* study.^[@bibr23-1533033819874128]^ Similarly, Souza *et al* ^[@bibr24-1533033819874128]^ found that the use of electroporation increased the cytotoxic effect of carboplatin on the equine sarcoid cell line 3-fold.

Electrochemotherapy With Bleomycin {#section3-1533033819874128}
----------------------------------

Bleomycin was discovered by Umezawa and colleagues in 1966,^[@bibr25-1533033819874128]^ which was isolated from the fungus *berberine* (collected from Japanese coal mine soil). Bleomycin causes direct DNA damage, making single- and double-strand DNA breaks in mammalian cells.^[@bibr26-1533033819874128]^ There are 2 mechanisms whereby bleomycin can cause cell death. If only a few thousand bleomycin molecules are present in a cell, the cell arrests in the G2-M phase and becomes enlarged, leading to the leakage of polynuclei and micronuclei.^[@bibr27-1533033819874128],[@bibr28-1533033819874128]^ The cells then die in a slow process lasting about 3 doubling times.^[@bibr28-1533033819874128]^ If, on the other hand, cells contain several million bleomycin molecules, they are destroyed much more rapidly, within a few minutes, due to pseudoapoptosis because bleomycin short-circuits the apoptosis pathway by creating the characteristic DNA fragmentation.^[@bibr29-1533033819874128]^ This is followed by cell shrinkage, membrane blebbing, and chromatin condensation.^[@bibr27-1533033819874128],[@bibr30-1533033819874128]^

Cell toxicity caused by bleomycin can be enhanced by electroporation,^[@bibr22-1533033819874128],[@bibr31-1533033819874128]^ administered 1 to 15 minutes after infusion of bleomycin.^[@bibr32-1533033819874128]^ Domenge *et al* showed that electroporation applied at 8 to 28 minutes after the intravenous administration of bleomycin is beneficial in the treatment of head and neck squamous cell carcinomas (SCCs).^[@bibr33-1533033819874128]^

Sersa *et al* ^[@bibr10-1533033819874128]^ demonstrated that in addition to the well-established direct cytotoxic effect on tumor cells, a combination of bleomycin and electroporation also has an indirect effect on tumor necrosis via an effect on the tumor blood supply, something which is not seen with either bleomycin alone or IRE alone. They tested this finding successfully with murine fibrosarcoma SA-1 cells that were obtained from the ascitic form of the tumors in mice with 4 different treatments, including (1) control group (untreated tumors), (2) tumors treated by bleomycin alone, (3) tumors treated by electroporation alone, and (4) tumors treated by ECT with bleomycin. They also observed some important phenomena, which include that (1) ECT with bleomycin had a significantly better inhibition to tumor growth and tumor necrosis, reaching ∼50% at 48 hours after the treatment (compared to other treatment groups), (2) at 8 hours after ECT with bleomycin, in some vessels endothelial cells with apoptotic morphological characteristics and blood vessels were stacked with erythrocytes and extravasation of erythrocytes, and (3) an immediate reduction was found in tumor perfusion (about 10% of the tumor perfusion in control tumors) after application of ECT with bleomycin. The electric pulses and ECT with bleomycin significantly reduced the blood flow of the treated tumor. However, at 48 hours after ECT, a reduced tumor blood flow was still observed after ECT with bleomycin, contrary to electric pulses alone.^[@bibr10-1533033819874128]^ Apoptosis of vascular endothelial cells, as well as vascular accumulation and erythrocyte ex-osmosis, can increase vascular resistance to blood flow, which is why the reduced blood flow in tumors was observed. Moreover, reduced blood flow within the tumor can also induce cell hypoxia, leading to cancer cell death. Therefore, ECT with bleomycin is more effective in tumor ablation than either electroporation alone or bleomycin injection alone. It is worth noting that, in a one-patient case report, Klein *et al* demonstrated for the first time that IRE combined with ECT (bleomycin) was well tolerated and safe with obviously antitumor activity in the treatment of lymph node metastases from gastric cancer.^[@bibr34-1533033819874128]^ Although there was no information of comparison between IRE alone and IRE combined with ECT, the 8-month of follow-up shows no local recurrence and invasion to surrounding organs and tissues. This pioneered work is a good start for this combining tumor ablation method.

Electrochemotherapy With Cisplatin {#section4-1533033819874128}
----------------------------------

Cisplatin is another toxic drug that is commonly used in ECT. Cisplatin is a phase-specific chemotherapeutic drug that forms cross-links between adjacent DNA strands and within the same strand, therefore limiting the tumor cell DNA replication.^[@bibr15-1533033819874128]^ Since bleomycin has been shown to cause alveolar cell damage and subsequent pulmonary inflammation,^[@bibr35-1533033819874128]^ one of the potential advantages of ECT is to limit the dosage of the drug and reduce the side effects. Electrochemotherapy has been trialed clinically in patients with cutaneous and subcutaneous tumors; even for these superficial tumors, there are significant side effects noted and the incidence of toxicity in patients receiving doses of more than 450 mg/m^2^ rises sharply, and it has been reported that under doses of less than 100 mg, general anesthesia following bleomycin may be associated with postoperative respiratory failure and may be secondary to bleomycin-induced oxygen sensitivity.^[@bibr15-1533033819874128]^ Therefore, for the challenge is to find a drug with a similar mechanism to bleomycin, but with fewer serious side effects.

Michel *et al* ^[@bibr15-1533033819874128]^ showed that cisplatin was effective in the treatment of pancreatic cancer cells *in vitro*. They concluded that the lowest viability of cells from the pulmonary metastases of pancreatic cancer can be achieved by using ECT with cisplatin with the electric field of 1000 V/cm and the cisplatin dosage of 10 μM, compared to cisplatin alone, electroporation alone, and nontreated. The mitochondrial activity of tumor cells was also examined for 24, 48, and 72 hours after the experiment, resulting in about 68%, 61%, and 67% of reduction, respectively, compared to the control group. They also noted an increase in the immunoreactivity of human pancreatic ductal adenocarcinoma cells, while the pulse intensity was around 1000 V/cm. The results achieved in this work also suggest that electric pulses around 1000 V/cm can enhance the transportation and anticancer effect of cisplatin, which may be a signal for oxidative stress or apoptosis.^[@bibr15-1533033819874128]^ Most importantly, they identified parameters that affect cell activity, such as drug concentration and pulse parameters. This serves as an important reference for future drug-electroporation (EP) combination therapy for cancer. Since these are largely *in vitro* studies, much more work is needed before this approach can be tested clinically in patients with pancreatic cancer.

Prevc *et al* ^[@bibr32-1533033819874128]^ compared the effect of ECT with cisplatin or bleomycin between human papillomavirus (HPV)-negative and HPV-positive human pharyngeal SCC cell lines. They concluded that both HPV-positive cells and tumors were more sensitive to ECT with cisplatin than other treatment groups. *In vitro* the sensitivity to ECT with cisplatin was found higher in HPV-positive cell line than in HPV-negative cell line and ECT with bleomycin in HPV-positive/negative cell line. There was no difference in the sensitivity to ECT with bleomycin between HPV-positive cell line and HPV-negative cell line. Similarly, a greater proportion of compete responses and survival rate^[@bibr32-1533033819874128]^ was found in ECT with cisplatin compared to ECT with bleomycin (85% vs 33%) in the treatment of HPV-positive tumors.

Other studies comparing bleomycin with IRE or cisplatin with IRE are further summarized in [Table 1](#table1-1533033819874128){ref-type="table"}. However, no clinical trial has yet been done to confirm the safety and effectiveness of ECT with cisplatin in the treatment of head and neck SCCs. In addition, in this study, details on the mechanism of ECT combined with cisplatin were not given, and whether it deepened the tumor necrosis or expanded the ablation area was not described. However, HPV-positive cell lines and tumors can be treated by ECT combined cisplatin because they were more sensitive to cisplatin and had better responses than bleomycin combined with ECT. Therefore, further clinical studies of ECT combined with cisplatin in the treatment of HPV are necessary.

###### 

Summary of *In Vivo*, *In Vitro*, and Clinical ECT Studies.

![](10.1177_1533033819874128-table1)

  Target                               No. of Patients/Mouse   Chemotherapeutic Drug   Number of Electrodes                     Pulse Parameters                  Dose                                 Effect                                                                                                                       References
  ------------------------------------ ----------------------- ----------------------- ---------------------------------------- --------------------------------- ------------------------------------ ---------------------------------------------------------------------------------------------------------------------------- ------------------------------
  Human; colorectal liver metastasis   16                      Bleomycin               7-needle electrodes                      8 pulses, 100 µs, and 1000 V/cm   15 000 IU/m^2^                       85% CR;15% PR                                                                                                                ^[@bibr36-1533033819874128]^
  Human; PVTT from HCC                 6                       Bleomycin               4- to 6-needle electrodes                8 pulses, 100 µs                  15 000 IU/m^2^                       83% complete necrosis of VP3-VP4, PVTT                                                                                       ^[@bibr37-1533033819874128]^
  Human papillomavirus                 *In vitro*              Cisplatin               NA                                       8 pulses, 100 µs, and 1300 V/cm   4 mg/kg                              85% CR                                                                                                                       ^[@bibr32-1533033819874128]^
  Mucosal head and neck tumors         19                      Bleomycin               NA                                       NA                                Ranging from 250 to 1000 IU/cm^3^    The tumor-specific 5-year survival was 75%                                                                                   ^[@bibr38-1533033819874128]^
  Murine fibrosarcoma cells            98                      Cisplatin               Flat parallel electrodes with 8 mm gap   4 pulses, 100 µs, and 1300 V/cm   1-8 mg/kg                            Longer tumor growth delay and higher tumor curability rate                                                                   ^[@bibr39-1533033819874128]^
  Ovarian cancers                      *In vitro*              Bleomycin               NA                                       8 pulses, 100 µs, and 1000 V/cm   1; 3; 7.5; 30; 75; 300; and 750 nM   The highest decrease of cell proliferation was observed after EP with bleomycin after 48 hours of incubation for 1000 V/cm   ^[@bibr40-1533033819874128]^
  Pancreatic cancers                   11                      Bleomycin               NA                                       NA                                NA                                   Feasibility and safety                                                                                                       ^[@bibr41-1533033819874128]^

Abbreviations: CR, complete response; HCC, hepatocellular carcinoma; NA, not applicable; PR, partial response; PVTT, portal vein tumor thrombus; VP3, Tumor thrombus in the first branch of the portal vein; VP4, tumor thrombus extension to the trunk or the opposite-side branch of the portal vein.

Electrochemotherapy With Carboplatin {#section5-1533033819874128}
------------------------------------

Lately, Souza *et al* ^[@bibr24-1533033819874128]^ investigated the combined effects of ECT with carboplatin using an equine sarcoid cell line. A 3-fold increase in the toxicity of carboplatin to the equine sarcoid cells can be achieved by using electroporation. The electric field used in this study was 1000 V/cm because it was the highest field strength with the minimal impact on cell viability.^[@bibr24-1533033819874128]^ Cells were subjected to multiple drug concentrations ranging from 0 to 2 mM carboplatin. Cell viability was determined at 48 hours after treatment using an 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay. When sarcoid cells were exposed to IRE and carboplatin at the highest tested concentration of 2 mM, 11% cell viability of the electroporated cells was noted in comparison with 32% cell viability when the drug alone was used. The dose of carboplatin can be reduced by 2.8 times when it is combined with IRE compared to when carboplatin alone is used. Their findings demonstrated proof of principle for future preclinical studies on different tumor cells to investigate the *in vivo* effects of electroporation combined carboplatin.

It is worth noting that ECT alone might be able to treat large tumors and can be used for other clinical indications as well, such as the primary local treatment of frail elderly patients who are not suitable for the surgical resection of the primary tumor. Gehl *et al* ^[@bibr42-1533033819874128]^ found that when ECT treated tumors larger than 3 cm, about 38% of complete response (CR) and 76% of overall response were obtained, respectively. However, the response rate decreased with the increase in tumor size, because of, on the one hand, smaller tumors being responding better, likely due to faster healing (time to clinical response), to larger tumors that have a more aggressive phenotype, and on the other hand, technical limitations when treating very large tumors.^[@bibr43-1533033819874128]^ The side effects of ECT with large dose of cytotoxic drugs while treating large tumors are of severity in clinical practice, such as pulmonary fibrosis, particularly when this treatment is administered to patients who have previously received radiation therapy.^[@bibr44-1533033819874128]^ In addition, in the safety evaluation of ECT, although most patients had no serious consequences, there were also 4 cases of severe adverse events: (1) one nearly lethal bleeding, (2) 2 cases of osteoradionecrosis and fistula, and (3) one patient died of distant metastasis.^[@bibr45-1533033819874128]^ Median functional outcomes of all parameters were worse 1 year after treatment.^[@bibr45-1533033819874128]^ Therefore, the ablation of large tumors with minimal side effect to patients is still a critical issue hitherto. Irreversible electroporation combined with ECT might be able to give us a solution to this issue.

Calcium Electroporation {#section6-1533033819874128}
=======================

Enhancing Mechanism {#section7-1533033819874128}
-------------------

As shown in [Figure 2](#fig2-1533033819874128){ref-type="fig"}, when cells undergo electroporation by external electric fields, the permeability of cell membrane increases, and Ca^2+^ and Na^+^ move into cells, resulting in an increase in both the intracellular calcium concentration and the activity of Ca^2+^-ATPase, thereby consuming a large amount of ATP.^[@bibr46-1533033819874128]^ This phenomenon usually leads to (1) direct sodium inflow or sodium--calcium exchange and an increase in the activity of Na^+^/K^+^-ATPase, resulting in increased ATP consumption,^[@bibr47-1533033819874128]^ (2) an increase in the concentration of calcium ions in cells that may open the permeability transition pores in the mitochondrial membrane, resulting in the loss of electrochemical gradient, which can drive the mitochondria to produce new ATP,^[@bibr48-1533033819874128]^ and (3) other cellular effects, including the activation of lipases and proteases, as well as the production of reactive oxygen species, which may cause cell death.^[@bibr49-1533033819874128]^ Severe calcium overload can lead to cell death through either apoptosis or necrosis, depending on the ATP levels. If most mitochondria are still able to synthesize ATP, ATP loss may only lead to cell apoptosis. On the contrary, if ATP consumption is so severe that the cells cannot synthesize new ATP, cells would undergo necrosis.

![The enhancing mechanism of calcium electroporation.^[@bibr9-1533033819874128]^](10.1177_1533033819874128-fig2){#fig2-1533033819874128}

First Clinical Trial With Calcium Electroporation {#section8-1533033819874128}
-------------------------------------------------

Recently, Falk *et al* ^[@bibr50-1533033819874128]^ conducted the first clinical trial of calcium electroporation, whereby calcium chloride is injected directly into the tumor prior to IRE. They compared calcium electroporation with ECT with bleomycin. A total of 47 metastatic skin cancer lesions from breast and malignant melanoma in 7 patients were followed over a period of 6 months as part of this phase I trial. They mainly studied (1) difference in the therapeutic outcomes between calcium electroporation and ECT with bleomycin, (2) toxicity of calcium electroporation, and (3) difference in the electroporation current between calcium electroporation and ECT with bleomycin. Patients were followed up for 6 months after calcium electroporation and ECT with bleomycin. Few adverse events occurred in both treatments during the follow-up time. Five out of the 7 patients with a total of 25 metastases had a long-term follow-up for 12 months after calcium electroporation, and it was found that 3 metastases had relapsed within a year.^[@bibr50-1533033819874128]^ Biopsies collected 7 days after treatment showed a significant decrease in the number of cancer cells and a higher level of cell death in metastatic tumors treated with calcium electroporation compared to ECT with bleomycin. The objective response to calcium electroporation and ECT was 72% (CR = 66% and partial response \[PR\] = 5%) and 84% (CR = 68% and PR = 15%), respectively, after 6 months without a significant difference. After ECT, 26% of patients had hyperpigmentation, while no similar cases were found in patients treated with calcium electroporation. The incidence of ulcers, itching, and exudation was slightly higher in metastatic tumors treated with ECT with bleomycin compared to calcium electroporation, and pigmentation only appeared in metastatic tumors treated by ECT with bleomycin. Compared with metastatic tumors treated by ECT with bleomycin, tumors treated by calcium electroporation had a higher conductivity, but the difference was not significant. This clinical follow-up study suggested that calcium electroporation has similar therapeutic results as ECT with bleomycin but milder side effects in the treatment of metastatic skin tumors. Therefore, calcium electroporation should be studied further and someday might be used in the treatment of large and internal tumors.^[@bibr50-1533033819874128],[@bibr51-1533033819874128]^

This first clinical trial has shown preliminarily that calcium electroporation can be used in clinical practice with favorable outcomes, but the intrinsic mechanism of calcium injection combined with electroporation remains to be proven by specific experiments. It is noted that plenty of studies on calcium electroporation were focused on its safety and side effects. We believe that some exploratory studies need to be performed to quantitatively determine the efficacy of tumor ablation enhancement by combining calcium injection and IRE in the treatment of various tumors.

Modification of Cell Membrane {#section9-1533033819874128}
=============================

Enhancing Mechanism {#section10-1533033819874128}
-------------------

Modifying the cell membrane properties (ie, line tension and surface tension) by surfactants is another feasible way to enhance IRE. As shown in [Figure 3A](#fig3-1533033819874128){ref-type="fig"}, both line and surface tensions can increase the permeability of membrane and impede the resealing process. It is worth mentioning that this enhancement is relevant to membrane property modification instead of cytotoxicity of surfactants. A key factor in the effectiveness of IRE is the permeability of the cell membrane during electrical pulses.^[@bibr52-1533033819874128]^ Previous studies have shown that membrane rupture may be related to the energy dynamics of an external electric field during electroporation.^[@bibr53-1533033819874128]^ Pore formation on cell membranes is associated with free energy (Δ*E*), which can be modeled using a modified nucleated model,^[@bibr54-1533033819874128]^ as described in Equation [1](#disp-formula1-1533033819874128){ref-type="disp-formula"}:
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![The ablation mechanism of IRE: (A) surface tension and edge line tension during pore formation, (B) nucleation based energy model and critical pore radius and energy.^[@bibr52-1533033819874128]^](10.1177_1533033819874128-fig3){#fig3-1533033819874128}

As shown in [Figure 3B](#fig3-1533033819874128){ref-type="fig"}, when the pore radius (*R*) exceeds the standard radius (*R*\*), Δ*E* will decrease with the increase in *R*, causing the rupture of the cell membrane and leading to cell death.^[@bibr52-1533033819874128]^

As can be seen from Equation [1](#disp-formula1-1533033819874128){ref-type="disp-formula"}, in order to reduce Δ*E*, in addition to increasing the transmembrane voltage (*U*), the edge line tension (λ) can also be reduced. This not only reduces Δ*E* but also affects the formation of pores.

According to the membrane elastic model proposed by Karatekin *et al*,^[@bibr55-1533033819874128]^ λ is affected by its bending modulus (κ), the membrane thickness (*h*), the inclusion fraction (θ) of foreign molecules, and the spontaneous curvature (*C* ~0~) of the included molecules,^[@bibr39-1533033819874128]^ as shown in Equation [2](#disp-formula2-1533033819874128){ref-type="disp-formula"}
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When the surfactant group is absorbed by the head region of the lipid bilayer, they reduce λ by decreasing κ and positive curvature (θ*C*~0~) group.^[@bibr52-1533033819874128]^ Molecular dynamics simulation in Moldovan *et al* has demonstrated that 11.3 mol.% DMSO leads to over 90% decrease in line tension on modeled lipid bilayer membrane, which may cause a significant reduction in IRE threshold ([Figure 3B](#fig3-1533033819874128){ref-type="fig"}).^[@bibr56-1533033819874128]^

The nucleation model of Toner and Cravalho^[@bibr53-1533033819874128]^ is determined by Equation [3](#disp-formula3-1533033819874128){ref-type="disp-formula"}:
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The rate of critical pore formation proposed by Weaver and Chizmadzhev,^[@bibr54-1533033819874128]^ and Δ*E*\* can be given by Equation [4](#disp-formula4-1533033819874128){ref-type="disp-formula"}:
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Jiang *et al* ^[@bibr52-1533033819874128]^ assumed that the occurrence of irreversible membrane rupture can be considered as a random fluctuation process, when a large number of cells are under electroporation, and the probability is calculated by Equation [5](#disp-formula5-1533033819874128){ref-type="disp-formula"}:
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Based on the effect of λ on transmembrane voltage, the threshold voltage (*U*~th~) can be calculated by using above equations. Finally, Jiang *et al* demonstrated that the reduction in membrane line tension of prostate cancer cells has a dramatic impact on IRE threshold.^[@bibr52-1533033819874128]^ Over one order of magnitude of drop in *U*~th~ can be achieved by reducing λ from 5 × 10^−11^ to 1 × 10^−11^ J/m.^[@bibr52-1533033819874128]^ Furthermore, they found that 5% vol/vol DMSO decreased membrane line tension by at least 20%. All the parameters used in Equations [1](#disp-formula1-1533033819874128){ref-type="disp-formula"}[](#disp-formula2-1533033819874128){ref-type="disp-formula"}[](#disp-formula3-1533033819874128){ref-type="disp-formula"}[](#disp-formula4-1533033819874128){ref-type="disp-formula"} to [5](#disp-formula5-1533033819874128){ref-type="disp-formula"} were tabulated in [Table 2](#table2-1533033819874128){ref-type="table"}.

###### 

Summary of Parameters Used in the Present Study.

![](10.1177_1533033819874128-table2)

  Parameter                                         Symbol    Unit
  ------------------------------------------------- --------- ----------
  Free energy with pore formation                   Δ*E*      J
  Pore radius                                       *R*       m
  Transmembrane voltage                             *U*       Volt
  Membrane line tension                             λ         J/m
  Membrane surface tension                          σ         J/m^2^
  Membrane bending modulus                          *κ*       J
  Membrane thickness                                *h*       m
  Inclusion fraction of foreign molecules           θ         \-
  Spontaneous curvature of the included molecules   *C* ~0~   1/m
  Tissue thermal conductivity                       *K*       W/(m·K)
  Absolute temperature                              *T~a~*    K
  Avogadro's number                                 *N~A~*    \-
  Radius of water molecule                          *r~w~*    m
  Viscosity of the suspending solution              η         P
  Molar volume of water                             *v*       m^3^/mol
  Membrane surface area                             *A~m~*    m^2^

Dimethy1 Sulfoxide {#section11-1533033819874128}
------------------

Jiang *et al* ^[@bibr52-1533033819874128]^ found that IRE can be improved by combining DMSO in the treatment of prostate cancers. In an *in vitro* study, they added 1% to 15% vol/vol DMSO to a precultured prostate cancer cell suspension and then waited for 1 minute to allow the DMSO molecules to fully diffuse into the cell membrane. In order to reduce the effect of DMSO on the extracellular electrical conductivity and reduce the toxicity of DMSO in the IRE process, the cell suspension was diluted below 1% vol/vol before IRE.^[@bibr52-1533033819874128]^ The cell suspension was then exposed to electric pulses (50 pulses, 1000 V/cm, 50 μs per pulse). The results showed that the cell viability was about 50% after IRE alone. When DMSO was added alone with a concentration of \<5%, the change of cancer cell viability was almost negligible. However, when DMSO was combined with IRE, the survival rate of cancer cells decreased significantly with the increase in DMSO concentration, and the highest cell killing was increased by 75% with 5% vol/vol DMSO.

The same enhancing method was also investigated in an *in vivo* study using a prostate cancer model. An electrode needle (diameter = 1 mm) is inserted into the center of the tumor and a ring electrode (thickness = 1 mm, height = 2.5 mm, radius = 10 mm) was used to cover the edge of tumor. Two groups of trials were performed to study the enhancement of DMSO, which was designed as follows: (1) the tumor was injected with 5% vol/vol DMSO with the full diffusion of DMSO by waiting for 6 minutes followed by IRE and (2) the tumor was treated by IRE alone. The same amount of pulse energy (50 pulses, 500 V, and 50 μs per pulse) was administrated to each tumor in the 2 groups. Experiment results showed that the tumor ablation volume can be increased from 10 mm3 by IRE alone to 24.3 mm3 by combining DMSO (5% vol/vol) and IRE, indicating an increase in ablation volume by 136%.

Their work in a sense, a proof of concept, that a surfactant can enhance the efficacy of IRE and increase the ablation zone of IRE. They postulated that the enhancement of DMSO is due to the reduction in membrane line tension caused by DMSO molecules in the cancer cells, which lowers the transmembrane voltage threshold accelerating the cell membrane rupture after IRE. However, the enhancing effect of DMSO must be tested in the treatment of various types of tumors during IRE before the clinical application of the proposed method. There was no discussion around regarding adverse effects or phenomena in their work, and further studies on animal models are required to confirm the safety of this combining method.

Modification of the Chemical Microenvironment of Tumor Cells {#section12-1533033819874128}
============================================================

Culture Medium {#section13-1533033819874128}
--------------

A study conducted by Shao *et al* ^57^ recently showed that the culture medium can also significantly affect the efficacy of IRE. Pancreatic cancer cells were cultured in phosphate-buffered saline (PBS), Dulbecco\'s Modified Eagle Medium (DMEM) and Roswell Park Memorial Institue (RPMI)-1640 Medium, respectively, and they showed that the viability of pancreatic cancer cells treated by the same IRE protocols changes with the type of culture medium. Under all 3 tested IRE electric fields (750, 1000, and 1250 V/cm), cancer cells had the lowest viability (50%, 18%, and 10%, respectively) when they were treated in PBS and the highest viability when they were treated in RPMI (97%, 86%, and 74%, respectively), which shows for the first time that the local culture microenvironment of cancer cells can affect the efficacy of IRE significantly. They further concluded that inorganic compounds and ordinary basic molecules play a key role in the enhancement of IRE. For example, the lack of amino acids, vitamins, and glucose in PBS compared with DMEM and RPMI may eventually lead to significant enhancement in IRE.^[@bibr57-1533033819874128]^ In contrast to DMEM, some vitamins such as biotin, para-aminobenzoic acid, and vitamin B~12~ are added to the RPMI medium, which may inhibit the performance of IRE. Although the exact mechanism is not explicit enough, the theory of medium conductivity^[@bibr58-1533033819874128]^ (the conductivity of the extracellular medium) or electroporation-induced cell sensitization^[@bibr59-1533033819874128]^ has been proposed. A previous study has demonstrated that permeabilization can be achieved with a relatively lower electric field when the cells are cultured in medium with a higher conductivity.^[@bibr60-1533033819874128]^ The cell sensitization is that when the cell membrane integrity decreases, the cell membrane mass transport increases leading to a decrease in cell viability. It has been shown that exposing cells to electric field increases their sensitivity to subsequent millisecond square pulses.^[@bibr59-1533033819874128]^

Glucose Level {#section14-1533033819874128}
-------------

In addition, Shao *et al* found that increasing glucose concentration in tumor environment might reduce the therapeutic effect of IRE.^[@bibr57-1533033819874128]^ For the same pancreatic cancer cells, they found that the cell survival rate increases from 16.5% to 30.4%, with the increase in the glucose concentration from 80 to 380 mg/dL in the culture medium showing that IRE is less effective in high glucose conditions.^[@bibr57-1533033819874128]^ Although the underlying mechanism by which glucose concentration can affect the efficacy of IRE was not fully explained in their work, treatment strategies that target metabolic pathways during hyperthermia in cancer are well known.^[@bibr61-1533033819874128]^ For instance, most cancer cells depend predominantly on glycolysis for energy production, therefore cellular stress due to IRE or heat is likely to be augmented at low glucose concentrations whereas the metabolic function of the cell is compromised.^[@bibr62-1533033819874128]^ In the case of IRE, this stress is probably exacerbated by the loss of intracellular enzymes needed for glycolysis. Therefore, to improve the efficacy of IRE, targeting a low glucose concentration environment for tumors might be reasonable to consider. It is worth noting that, however, the glucose level used in the study is quite higher than the case *in vivo* (80-380 vs 1.8-7.2 mg/dL^[@bibr63-1533033819874128]^) in tumors. Therefore, the conclusions achieved by Shao *et al* might not be able to be translated to clinical practice without further studies. But still, the work provides us a hint to study the effect of glucose level in tumor on tumor ablation with IRE.

However, it is interesting to note that the glucose level might be able to be manipulated by ketogenic diet (KD). Ketogenic diet is made up of high fat, medium to low protein, and very low carbohydrates, which forces the body to burn fat instead of glucose to make ATP. Increased fat metabolism and restricted carbohydrate metabolism of KD lead to increased ketone body production in the blood,^[@bibr64-1533033819874128]^ decreased glucose and insulin,^[@bibr65-1533033819874128]^ and maintained blood pH value (about 7.4),^[@bibr66-1533033819874128]^ leading to a physiological ketosis state. Over the past 60 years, numerous animal studies have demonstrated not only the increased glucose consumption in cancer cells but also the importance of glucose for tumor survival and metastasis.^[@bibr67-1533033819874128]^ It is also been well recognized that most human cancer cells require more glucose than surrounding normal tissues. Bhatia *et al* ^[@bibr64-1533033819874128]^ demonstrated that KD can assist cancer treatment. Its lipid metabolism limits the formation of pyruvate and glucose-6 phosphate which can reduce oxidative stress. As a result, KD has been used to treat cancer because it can reduce glucose levels in cancer cells.^[@bibr68-1533033819874128]^ Therefore, it might be possible to manipulate the glucose level in tumors in favor of IRE using KD.

Other Feasible Enhancing Methods {#section15-1533033819874128}
================================

Sodium Dodecyl Sulfate {#section16-1533033819874128}
----------------------

Previous studies have shown that SDS enhances the transdermal transport of molecules through electroporation, which is able to promote the destruction of the barrier during the pulse process and also extend the life of electric holes generated by the pulse.^[@bibr69-1533033819874128]^ Sodium dodecyl sulfate has been reported to have a higher distribution coefficient (the ability to penetrate and interact with) on pig epidermis than other tissues, indicating that SDS has a preferential affinity for skin lipids and proteins. Therefore, the use of SDS to modulate cellular impedance and the required electrical dose during electroporation could be considered to enhance the effect of IRE. Kalia and Guy^[@bibr70-1533033819874128]^ found that the impedance of pig epidermis decreased by 40% at 24 hours after the administration of SDS. However, under the same conditions, there is no significant change in impedance for the administration of PBS. They found that a dramatic reduction in skin impedance by using 0.25% wt/wt SDS before electroporation. An increase in propranolol hydrochloride flux in human stratum corneum was also observed by combining SDS and electroporation.^[@bibr71-1533033819874128]^ They believed that the combination of SDS and electroporation could reduce the adhesion between molecules in the skin's lipid bilayer, thus increasing skin permeability.^[@bibr69-1533033819874128]^ In general, at most given voltages, the presence of surfactants causes greater reduction in impedance than the cases without surfactants. However, they also found that the effect of SDS on impedance was smaller when a high impulse voltage applied. For instance, the impedance can be decreased by 60% using pulses of \>100 V, while the reduction in impedance is negligible using pulses of \>250 V.^[@bibr69-1533033819874128]^ Murthy *et al* ^[@bibr69-1533033819874128]^ found that in the absence of SDS, the translocation of glucose through the pulse at 500 V/cm was about 30 μg/cm^2^. With the administration of SDS, the same transmission can be achieved at 300 V/cm, which means that the presence of SDS was able to reduce the required electric dose for electroporation by about 40%. Therefore, the combination of electroporation and SDS can achieve a higher membrane permeability at a lower voltage. The presence of SDS during electroporation increased glucose transport efficiency by about 5 times at 100 V. The increase in passive transport of the epidermis treated by SDS was approximately twice that treated by PBS.^[@bibr69-1533033819874128]^

Thus, the use of SDS can reduce the resealing rate of membrane pores, enhance the potential of electroporation, and improve the efficiency of transdermal transport of molecules. It is worth mentioning that low threshold voltages can reduce the risk of thermal damage and other side effects in association with high voltage pulses. These results indicate that SDS can increase RE by lowering the electrical threshold or increasing the ablation zone. Due to these positive effects of SDS, it can be studied whether the combination of SDS and IRE can enhance the homogeneity and range of tumor ablation in the future.

Combination With Biologicals {#section17-1533033819874128}
----------------------------

Currently, a relatively new means to enhance tumor ablation through a molecular manipulation of cellular morphology before high-frequency irreversible electroporation (H-FIRE) proposed by Ivey *et al*.^[@bibr20-1533033819874128]^ Trains of bipolar pulses with less than 2 μs pulse width were used in the study. By reducing the duration of electric pulse and making it less than the charging time of cell membrane, the electric pulse can penetrate into the cell and reduce the dependence of electroporation on cell size.^[@bibr72-1533033819874128],[@bibr73-1533033819874128]^ They combined H-FIRE with eA1 molecular intervention to change nuclear/cytoplasm ratio (NCR) to investigate the effect of NCR on H-FIRE.^[@bibr72-1533033819874128]^ Their earlier work have shown that exogenous soluble eA1 is a functional ligand for EphA2 and progress has been made in creating ephrin-based therapeutic agents through conjugation of a bacterial toxic protein to soluble eA1 that selectively targets GBM cells.^[@bibr74-1533033819874128],[@bibr75-1533033819874128]^

The results showed (1) eA1 can active EphA2 in malignant cell lines, leading to a significant increase in the NCR of the cells.^[@bibr20-1533033819874128]^ However, no significant changes in NCR were observed in normal human astrocyte (NHA) cells with eA1 addition; (2) the increase of NCR in malignant cells corresponds to a smaller lethal threshold for H-FIRE, while the lethal threshold of nonmalignant cells remained unchanged.^[@bibr20-1533033819874128]^ However, when using IRE with pulse width of 100 μs, the lesions of eA1-treated malignant cells was significantly smaller than malignant cells cultured in normal medium, and the lethal threshold was also higher than that of cells not treated with eA1. Therefore, the combination of IRE and this molecular therapy could not enhance tumor ablation; and (3) the combination of H-FIRE and eA1 treatment can improve the selectivity of malignant cells. Meanwhile, malignant killing area was significantly enlarged, while the NHA lesion remained unchanged.

Conclusions and Future Directions {#section18-1533033819874128}
=================================

Since the advent of IRE in 2005, a plethora of research efforts in various areas ranging from biomedical engineering, to pharmacology, to clinical studies have looked at ways of improving the results seen with this modality, especially in the treatment of large tumors. This article summarized the chemical enhancement methods that are currently being studied in combination with electroporation and further provided suggestions in improving the chemical enhancement of IRE in future as well.

The combination of IRE with bleomycin, cisplatin, or carboplatin has been used in the treatment of some tumors with clinically promising results. The toxicity and precise delivery of the chemical drugs can be further improved by optimizing the electrical pulses to tumor cells. The advantages of ECT include: (1) ECT with bleomycin had a significant antitumor effect on tumor growth and increased the extent in tumor necrosis than either electroporation alone or bleomycin injection alone and (2) ECT with cisplatin can achieve the lowest viability of cells from the pulmonary metastases of pancreatic cancer compared to either cisplatin or electroporation alone. Electrochemotherapy has been proved to have some side effects when combined with bleomycin, such as postoperative respiratory failure, oxygen sensitivity, alveolar cell damage, and subsequent pulmonary inflammation. This further argues that identifying settings for the delivery of current in IRE that will allow for a reduced dose of bleomycin are worthwhile.

Calcium electroporation appears promising as another modality that can improve the performance of IRE. By increasing the calcium concentration in the treatment zone, it is reasonable to predict that a larger ablation zone can be achieved compared to IRE alone. However, the efficacy of calcium-enhanced IRE in the treatment of large and heterogeneous tumors requires further *in vivo* study. Due to the easily accessible of calcium chloride, the enhancing method would be significantly beneficial to patients in areas with the paucity of resources.

However, the model ([Figure 1](#fig1-1533033819874128){ref-type="fig"}) used in the study clarifying the RE region--enhanced IRE is an ideal one. The heterogeneity of tumor tissues needs to be considered while introducing chemical drugs or ions to tumor tissues during IRE. Before being translated to clinical practice, this combining approach must be replenished by meticulous studies on the distribution of electric field and chemicals in a heterogenous tissue environment. The information on side effects and treatment efficacy in the treatment of large tumors must also be achieved in advance by using big patient cohort studies.

Modification of cell membrane is a relatively novel and perhaps less toxic way to enhance IRE compared with ECT with chemical drugs. The mechanism of enhancement may be that the surfactants are able to cause changes to cell membrane properties leading to an increase in cell membrane permeability. One group is working on this enhancing method and achieved some promising results using *in vitro* prostate cancer cell and *in vivo* animal prostate cancer models. They found that adding surfactants lead to an increase the ablation zone and reduced the electric threshold value of IRE. Before this approach can be used clinically, much further study is needed, including safety, optimal treatment planning and surfactant, or tumor type dependent using extensive *in vivo* validation.

Modifying the microenvironment of tumor cells before or after treatment is another chemical means proposed lately to improve the performance of IRE. Although the underlying mechanism is still not clear enough, it is largely due to the different concentrations of glucose and (perhaps) vitamins in the culture medium, leading to different chemical reactions during and after the IRE procedure. Therefore, further carefully designed *in vitro* and/or *in vivo* validation with various microenvironments of tumor cells must be performed to characterize quantitatively the enhancement. A brief overview of all the enhancing methods is given in [Table 3](#table3-1533033819874128){ref-type="table"}.

###### 

Overview of all the Methods of Chemical Enhancement of IRE With Their Advantages and Drawbacks.

![](10.1177_1533033819874128-table3)

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Methods                          Compounds                               Advantages                                                                                               Drawbacks                                                                                                             References
  -------------------------------- --------------------------------------- -------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  ECT                              Bleomycin, cisplatin, and carboplatin   Cell toxicity can be enhanced by electroporation\                                                        Postoperative respiratory failure, oxygen sensitivity, alveolar cell damage, and subsequent pulmonary inflammation\   ^[@bibr21-1533033819874128],[@bibr24-1533033819874128],[@bibr32-1533033819874128],[@bibr41-1533033819874128],[@bibr42-1533033819874128],[@bibr43-1533033819874128],[@bibr44-1533033819874128],[@bibr45-1533033819874128]^
                                                                           Significant antitumor effect on tumor growth and increased tumor ablation zone\                          Strict control of the dosage\                                                                                         
                                                                           Significant increase in cell death for the pulmonary metastases of pancreatic cancer                     Clinically difficult injection due to the risk of dissemination of tumor cells                                        

  Calcium electroporation          Calcium                                 Larger ablation zone\                                                                                    Mechanism not fully understood\                                                                                       ^[@bibr46-1533033819874128],[@bibr48-1533033819874128],[@bibr50-1533033819874128],[@bibr51-1533033819874128],[@bibr76-1533033819874128]^
                                                                           Similar therapeutic results as ECT but milder side effects in the treatment of metastatic skin tumors\   Efficacy in the treatment of large and heterogeneous tumors unknown                                                   
                                                                           Higher sensitivity to cancer cells than normal cells\                                                                                                                                                                          
                                                                           Low cost of treatment                                                                                                                                                                                                          

  Modification of cell membrane    DMSO and SDS                            Less toxic and less harmful to normal tissue\                                                            Clinical safety unknown\                                                                                              ^[@bibr52-1533033819874128],[@bibr55-1533033819874128],[@bibr56-1533033819874128],[@bibr69-1533033819874128]^
                                                                           Increase in cell membrane permeability\                                                                  Lack of clinical data\                                                                                                
                                                                           Increase in the ablation zone and decrease in the electric threshold value of IRE                        Few surfactants available                                                                                             

  Modifying the microenvironment   Culture medium and glucose              No chemical agents involved\                                                                             Few modifying methods available\                                                                                      ^[@bibr57-1533033819874128],[@bibr59-1533033819874128],[@bibr61-1533033819874128],[@bibr62-1533033819874128]^
                                                                           Suitable to tumors in a low glucose concentration                                                        Mechanism not fully understood                                                                                        
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations: DMSO, dimethyl sulfoxide; ECT, electrochemotherapy; IRE, irreversible electroporation; SDS, sodium dodecyl sulfate.

To further improve this chemical-related enhancing method and overcome the limitation of IRE clinically, some suggestions for future studies are provided, such as:The mechanism of each chemical enhancement method must be reinforced further using preclinical studies, which is necessary to understand and improve those methods.The optimal treatment planning of IRE with appropriate chemical drugs must be investigated for different tumor cells to help identify specific treatments that are beneficial to certain tumors; drug delivery methods used in ECT for enhancing IRE also require further investigation *in vivo*.Future work on the effect of various surfactants (eg, SDS) on IRE needs to be done using different tumor cells *in vitro* and *in vivo*.A hybrid chemical enhancement of IRE with different chemical drugs or enhancing methods might be worth studying for better clinical outcomes.
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ATP

:   adenosine triphosphate

CR

:   complete response

DMSO

:   dimethyl sulfoxide

ECT

:   electrochemotherapy

H-FIRE

:   high frequency irreversible electroporation

IRE

:   irreversible electroporation

KD

:   ketogenic diet

NCR

:   nuclear/cytoplasm ratio

NHA

:   normal human astrocyte

PBS

:   phosphate-buffered saline

PR

:   partial response

SCC

:   squamous cell carcinoma

SDS

:   sodium dodecyl sulfate

RE

:   reversible electroporation

EP

:   electroporation

HPV

:   human papillomavirus

MTT

:   3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
